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In Brief
Atayde et al. report the release of
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communication, by Leishmania into the
sand fly midgut. Exosomes are co-
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hosts enhancing disease pathology via
overproduction of inflammatory
cytokines, particularly IL-17a. These data
identify exosomes as a vector-
transmitted virulence factor and
represent the first demonstration of in
vivo exosome secretion by a pathogen.
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Despite several studies describing the secretion of
exosomes by Leishmania in vitro, observation of their
formation and release in vivo has remained a major
challenge. Herein, we show that Leishmania consti-
tutively secretes exosomes within the lumen of the
sand fly midgut through a mechanism homologous
to the mammalian pathway. Through egestion exper-
iments, we demonstrate that Leishmania exosomes
are part of the sand fly inoculum and are co-egested
with the parasite during the insect’s bite, possibly
influencing the host infectious process. Indeed,
co-inoculation of mice footpads with L. major plus
midgut-isolated or in-vitro-isolated L. major exo-
somes resulted in a significant increase in footpad
swelling. Notably, co-injections produced exacer-
bated lesions through overinduction of inflammatory
cytokines, in particular IL-17a. Our data indicate that
Leishmania exosomes are an integral part of the par-
asite’s infectious life cycle, and we propose to add
these vesicles to the repertoire of virulence factors
associated with vector-transmitted infections.INTRODUCTION
Exosomes have been the focus of numerous studies due to their
involvement in intercellular communications, especially among
immune and tumor cells. They are secreted by most eukaryotic
cell types and comprise a variety of functions due to their
variable content, which often mirrors the secreting cell. In the
classical pathway, exosomes are formed via the invagination
of endocytic compartments generating multivesicular bodies
(MVBs), and they are released to the extracellular space after
fusion of the MVBs with the plasma membrane (Bobrie et al.,
2011; Bobrie and The´ry, 2013). Despite the abundant knowledge
obtained through studies using exosomes purified in vitro or
from various biological fluids (Taylor and Gercel-Taylor, 2013),Ceobservation of their formation and release in vivo remains amajor
challenge.
In-vitro-isolated exosomes play a crucial role in host-pathogen
interactions. Vesicles secreted by infected cells contain substan-
tial amounts of pathogen molecules, which are sufficient to
induce modifications in non-infected neighboring cells or act as
antigen presenters for the immune system. This is the case for
Epstein-Barr virus- (Koppers-Lalic et al., 2014),Mycobacterium-
(Bhatnagar and Schorey, 2007), Toxoplasma gondii- (Bhatnagar
et al., 2007), and Leishmania-infected cells (Hassani and Olivier,
2013), amongothers.Correspondingly, studieshavegrantedbio-
logical importance to exosomes secreted directly by pathogens
(Hassani et al., 2011, 2014; Silverman and Reiner, 2011a).
Leishmania spp. are obligate intracellular parasites that pri-
marily infect macrophages in the mammalian host and are trans-
mitted through regurgitation during the bite of an infected sand
fly. They are phylogenetically considered as ancient eukaryotes
(Hedges et al., 2004; Sibley, 2011) and are shown to secrete
bona fide exosomes in vitro. Experiments performed with mice
and macrophages have shown that these exosomes possess
immunomodulatory and signaling-inducing activities, corrobo-
rating the presence of parasite virulence factors in their content
such as the surface metalloprotease GP63 (Hassani et al., 2011,
2014; Silverman et al., 2010b; Silverman and Reiner, 2011a).
Thus, it is postulated that these vesicles contribute to the multi-
tude of factors determining the form and severity of the leish-
maniases, a spectrum of diseases that ranges from self-healing
cutaneous to fatal visceral forms and represents a major public
health problem worldwide (www.who.int/leishmaniasis).
To date, there is no direct evidence supporting the secretion of
exosomes by Leishmania in vivo, either within the sand fly vector
or within the mammalian host. Here we demonstrate the forma-
tion and release of exosomes by Leishmania residing in the
midgut of its natural vector, the sand fly. Moreover, we fully char-
acterize exosomes isolated from infected sand fly midguts, and
we compare them to previously described in-vitro-isolated
Leishmania exosomes. Ultimately, we demonstrate that in-
vivo-secreted Leishmania exosomes are egested by the sand
fly alongside parasites during the bite, and we address the po-
tential role of these vesicles in the establishment and pathology
of cutaneous leishmaniasis.ll Reports 13, 957–967, November 3, 2015 ª2015 The Authors 957
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L. infantum Figure 1. Leishmania Constitutively Re-
leases Vesicles in the Lumen of the Sand
Fly Midgut
L. infantum- and L. major-infected midguts were
processed for TEM.
(A and E) Promastigotes secreting single-mem-
brane vesicles (red arrows, insets) are shown.
(B and F) Promastigotes secreting several mem-
brane vesicles (red arrows, inset) are shown.
(C and G) MVBs fused to the parasite’s membrane,
releasing vesicles (red arrows) into the midgut, are
shown.
(D and H) Flagellar pockets containing vesicles
(green arrows) are shown.
(D) Vesicles released into the sand fly midgut (red
arrows). The images are representative of three in-
dependent experiments. K, kinetoplast; N, nucleus;
F, flagellum; FP, flagellar pocket; MVs, microvillar
structures; MVBs, multivesicular bodies. See also
Figures S1, S2, and S3.RESULTS
Leishmania Constitutively Secretes Exosome-like
Vesicles into the Lumen of the Sand Fly Midgut
Outside the mammalian host, Leishmania is confined to the
digestive tract of sand flies. In this environment, the parasite dif-
ferentiates into multiple forms as they progress toward the ante-
rior midgut where non-replicative infective metacyclic promasti-
gotes accumulate behind the stomodeal valve, positioned for
ready transmission to the mammalian host during the sand
fly’s blood meal (Kamhawi, 2006). To establish whether
Leishmania releases exosomes in vivo during its developmental958 Cell Reports 13, 957–967, November 3, 2015 ª2015 The Authorscycle in the sand fly, we dissected Lutzo-
myia longipalpis midguts infected with
L. infantum, its natural parasite, or with
L. major for transmission electron micro-
scopy (TEM) analysis. L. longipalpis is
not L. major’s natural vector, but sustains
its development and transmission. Mid-
guts infected with L. infantum or L. major
showed microvillar structures and several
Leishmania in the lumen (Figures S1C–
S1F and S1G–S1L, respectively). Unin-
fected midguts presented similar organi-
zation, except for the absence of
parasites (Figures S1A and S1B). For
L. major-infected sand flies, we isolated
anterior midguts in order to observe
infective promastigotes. TEM showed
increased density of parasites in this re-
gion (Figures S1M–S1Q). Remarkably, a
total of 64.3% of L. infantum promasti-
gotes, 72.5% of L. major promastigotes,
and 72.7% of L. major promastigotes
in the anterior midgut were captured
secreting single or several vesicles from
membrane surfaces (Figures 1A, 1B, 1E,1F, S2A, and S2B). These vesicles were rounded or cup shaped,
limited by a membrane bilayer and around 50–120 nm in diam-
eter, which are characteristics of exosomes. In addition, we often
observed clusters of exosome-like vesicles in the lumen (Figures
S1F, S1L, and S1R). Lastly, we captured a few vesicles that
appeared to derive from midgut cells due to their proximity to
microvillar structures (Figures S1C and S1K).
Sand Fly-Residing Leishmania Secretes Exosome-like
Vesicles from MVBs and Flagellar Pockets
Observing both L. infantum and L. major cells in vivo by TEM, we
found a number of cytoplasmic MVB-like compartments, which
in several cases were approaching the parasite’s membrane
(Figures S3A–S3D, S3G–S3I, S3M, and S3N) or releasing their
vesicle content to the sand fly midgut (Figures 1C, 1G, S2C,
S3E, S3F, S3J–S3L, S3O, and S3P). These findings suggested
that themechanism of Leishmania vesicle secretion is somewhat
homologous to the classical exosome pathway described for
higher eukaryotes. Additionally, we observed several exo-
some-like vesicles accumulated in flagellar pockets or exiting
the parasite through the flagellar pocket (Figures 1D, 1H, and
S2D), an event previously reported in vitro (Silverman et al.,
2008). We also captured regions of fusion between MVBs and
flagellar pockets (Figures S2D and S3A).
In-Vivo- and In-Vitro-Secreted Leishmania Exosomes
Are Exceptionally Similar
To confirm that vesicles released by sand fly-residing Leish-
maniawere authentic exosomes with respect to previously char-
acterized in-vitro-isolated vesicles, we isolated and fully charac-
terized themby TEM,mass spectrometry (MS), andwestern blot.
For these purposes, infected and uninfected sand fly midguts
were dissected along their longitudinal surface and their content
was collected in a fresh drop of PBS (Figure S4A), from where
vesicles were collected. Observed by negative staining, infected
midgut-isolated vesicles were identical in appearance to in-vitro-
isolated Leishmania exosomes (Figures 2A–2C and S4B–S4D).
Fewer vesicles, more heterogeneous in size and shape, were
isolated from uninfected midguts.
Next, we compared the protein content of infected and unin-
fected midgut vesicles (IMVs and UMVs) by MS. In the experi-
ments with L. infantum-infected sand flies, 143 proteins were
identified by searching the L. infantum database. From those,
124 were unique to IMVs, while 19 were shared between IMVs
and UMVs (Figure 2D). Themajority of the shared proteins (Table
S1, top, 125–143) were highly conserved between L. infantum
and L. longipalpis, such as actin (71% identity) and glyceralde-
hyde 3-phosphate dehydrogenase (53.6% identity). Although
we could not quantify the exact percentage of sand fly-derived
material in IMVs, all shared proteins were found previously in
Leishmania exosomes and for this reason were kept in the final
L. infantum Midgut Exoproteome (LIME) list (Table S1, top).
Searching the L. longipalpis database, 52 proteins were identi-
fied, half of them digestive tract related (Table S1, bottom). In
contrast to the results with the Leishmania database, 50 of 52
proteinswere shared between IMVs andUMVs and only two pro-
teins were unique to UMVs (Figure 2D). We obtained similar
results in the experiments with L. major-infected sand flies (Fig-
ure S5A), from where we generated the L. majorMidgut Exopro-
teome (LMME) list (Table S2, top). When comparing LMME con-
tent to LIME, 24 of 56 proteins were common, which included
several exosome markers such as GP63 and HSP70 (Tables
S1, top and S2, top).
Using proteomic tools for further characterization, only 15 of
the 143 LIME proteins had a predicted signal peptide, while 58
proteins were predicted to be secreted unconventionally—a
feature of exosomal proteins (Hassani et al., 2011; The´ry et al.,
2009). On the other hand, from the 52 proteins identified
with the sand fly database, 25 had predicted signal peptides
and only six were predicted as unconventionally secretedCe(Table S1). Similar results were obtained for LMME (Table S2).
Compared with previous works with in-vitro-purified Leishmania
vesicles (Hassani et al., 2011; Santare´m et al., 2013; Silverman
et al., 2010a), the majority of the LIME-identified proteins (99 of
143) had identical matches in at least one of the three databases
(Table S1, top). Likewise, 49 of 56 LMME proteins had been de-
tected previously in Leishmania exosomes (Table S2, top).
Lastly, we verified if in vivo Leishmania exosomes, as
observed in vitro, presented distinct protein profiles when
compared to the cells from which they were collected.
Comparing the proteome of IMVs with that of infected midgut
pellets (IMPs) containing promastigotes, 47 proteins were en-
riched in LIME and 27 in LMME by 2-fold or more (Figures 2E
and S5B). A number of these proteins have been described as
virulence and/or immunogenic factors including GP63 (Olivier
et al., 2012), calpain-like cysteine peptidases (Mottram et al.,
2004), HSP70 (Rafati et al., 2007), tryparedoxin peroxidase
(Iyer et al., 2008), and surface antigen protein (Kemp et al.,
1998; Table S3). Gene ontology (GO) revealed that, in general,
IMVs mirrored the IMP physiological state (Figure S6). To assess
the functional characteristics of the exoproteomes, we gener-
ated protein-protein interaction networks (Figures 2F and S5C).
The complete list of proteins mapped in the interaction networks
is provided in Table S4.Western blots confirmed the presence of
GP63 in IMVs. In contrast, HSP83, which is not enriched in exo-
somes and glycosomal HGPRT, a control for parasite contami-
nation in exosome preparations, was detected only in IMP (Fig-
ure 2G). We obtained similar results when we compared L. major
parasites with in-vitro-purified L. major exosomes (Figure 2G).
Collectively, our data define midgut-isolated Leishmania vesi-
cles as bona fide exosomes and place these vesicles in the par-
asite’s natural life cycle. In addition, their location in the lumen,
especially in the anterior midgut, suggests that midgut exo-
somes are co-egested alongside parasites during the bite of
an infected sand fly, similarly to what has been reported for the
promastigote secretory gel, an exacerbating factor of Leish-
mania infection (Rogers et al., 2004, 2009).We believe that Leish-
mania exosomes egested alongside parasites exert their own in-
fluence on the infectious process, perhaps by modulating innate
immune responses during early events of the infection, as
described for these vesicles in vitro (Hassani et al., 2011, 2014).
Leishmania Exosomes Are Egested during the Sand Fly
Bite
To answer whether Leishmania exosomes, copiously secreted
within the sand fly midgut (including the anterior midgut), were
present in the sand fly inoculum, L. infantum- and L. major-in-
fected sand flies where fed in vitro on RPMI medium or vesicle-
free plasma through a chicken-skin membrane as previously
described (Rogers et al., 2004). Sand fly egests where collected
and used for exosome isolation. Excitingly, TEM images showed
exosomes in both L. infantum- and L.major-infected inocula (Fig-
ures 3AandS7A). A fewexosomesand smaller vesicles alsowere
isolated from uninfected inocula (Figure S7A).
To confirm the identity of these vesicles, we first performed
MS analyses. Searching Leishmania databases, we were able
to detect 22–24 Leishmania-specific proteins and exosome
markers, including GP63, HSP83, HSP70, elongation factorll Reports 13, 957–967, November 3, 2015 ª2015 The Authors 959
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Figure 2. The Proteome of In-Vivo-Secreted Leishmania Vesicles
Midgut lavages were separated from the infected pellet (IMP) and the uninfected pellet (UMP). Vesicles were isolated from the supernatants (infected midgut
vesicles, IMVs; uninfected midgut vesicles, UMVs).
(A) Midgut-isolated L. infantum vesicles are shown.
(B) Midgut-isolated L. major vesicles are shown.
(C) In-vitro-isolated L. major exosomes are shown.
(D) Distribution of the proteins from midgut-isolated L. infantum vesicles identified by databases (db) is shown.
(E) Peptide fold change for proteins belonging to IMV (LIME) compared to IMP is shown.
(F) The LIME interaction network. Clusters are as follows: I, antioxidant and metabolic proteins; II, chaperones and proteasome proteins; III, vesicular trafficking
and microtubule-associated proteins; and IV, translation proteins.
(G)Western blots of the following: UMP and L. infantum (L.i.) IMP; uninfected and L.i.-infectedmidgut lavages before (UML, IML) or after vesicle purification (UMV,
IMV); in-vitro-purified L. major (L.m.) exosomes (Exo) and L.m. whole-cell lysates (Pro); and L.m. IMVs (two experiments). Load controls indicate protein loading
on gels. L.i., samples probed with anti-actin show a cross-reacting band; L.m., samples probed with anti-HSP70. The results are representative of three in-
dependent experiments. See also Figures S4, S5, and S6.1-alpha, and calmodulin (Table S5). Searching the L. longipalpis
database, only three to five proteins were detected, indicating
that the amount of vesicles derived from the sand fly was negli-
gible (Table S5). Lastly, we performed GP63 western blots with
vesicles isolated from several biological replicas of L. infantum960 Cell Reports 13, 957–967, November 3, 2015 ª2015 The Authorsand L. major sand fly inocula, compared to uninfected inocula
and to parasites collected from the inocula. Different amounts
of GP63 were detected among the replicas, indicating that the
amount of exosomes injected by the sand fly into the bite site
can vary (Figure 3B).
AB
Figure 3. The Sand Fly Inoculum Contains Leishmania Exosomes
L. infantum- and L. major-infected sand flies where fed in vitro through a
chicken-skin membrane. Sand fly egests where collected and analyzed for
exosomes by TEM and western blot.
(A) Exosome vesicles isolated from L. infantum and L.major inocula are shown.
(B) Western blots of the following: vesicles isolated from L. infantum (Li)- and
L. major (Lm)-infected sand fly egests (four experiments each) compared to
L. infantum- and L. major-egested parasites (LiP and LmP), in-vitro-isolated
L. major exosomes (LmE), and uninfected sand fly inocula (Un). The results are
representative of eight independent experiments (four experiments for each
Leishmania species). See also Figure S7.Taken together, these results clearly demonstrate that exo-
somes secreted by either L. infantum or L. major promastigotes
within the sand fly midgut are egested alongside parasites and
delivered into the bite site. Our next question was how and to
what extent Leishmania exosomes may influence the develop-
ment of experimental cutaneous leishmaniasis.
Leishmania Exosomes Significantly Enhance Lesion
Development by Favoring Parasite Replication
To understand the impact of Leishmania exosomes in the infec-
tion site, we co-injectedmice footpads with 105 L. majormetacy-
clic forms (METAs) along with 1 mg midgut-isolated (Gut) or in-vi-
tro-isolated (Exo) L. major exosomes. We observed a significant
and sustained exacerbation of the lesions up to 6 weeks post-
infection (Figure 4A). Taking advantage of the similarity between
L. major in-vivo- and in-vitro-isolated exosomes, we used in vitro
preparations, which yield high amounts of exosomes, to further
explore our hypothesis. We co-injected mice footpads with
L. major and in-vitro-purified L. major exosomes and monitored
the lesions for up to 10 weeks, depending on the experiment.CeMice injected with 5 3 106 stationary promastigotes (STATs)
along with 10 mg exosomes displayed significantly enhanced
footpad swelling starting from week 2, which was sustained
throughout the follow-up period (Figure 4B). To better reproduce
the sand fly bite, the experiment was repeated with culture-puri-
fied metacyclic promastigotes. Likewise, mice injected with 105
METAs along with exosomes had a sustained and significant in-
crease in their footpad swelling, starting fromweek 3 (Figure 4B).
These results indicate that exosomes may play a role in the
biological process leading to lesion development caused by
Leishmania.
At the end of both experiments, footpads were photographed
(Figure 4C) and their volumes calculated. Groups co-inoculated
with Leishmania and exosomes exhibited a 3- to 4-fold increase
in lesion volume compared to groups inoculated with parasites
alone (Figure 4D). In addition, the number of parasites recovered
from footpads injected with METAs alongside exosomes was
enhanced by more than 3-fold compared to the group injected
with METAs alone (Figure 4E). Of note, no significant differences
in the footpad parasite loads were observed between STAT
groups (Figure 4E), potentially due to the development of highly
necrotic lesions as illustrated in Figure 4C. Indeed, in following
experiments, the footpad parasitic load of non-necrotic lesions
was found to be significantly higher in mice infected with STATs
plus exosomes.
Disruption of Exosome IntegrityDiminishes theAbility to
Exacerbate Leishmaniasis
To investigate whether exosome integrity is important for the
enhancing effect on lesion development, pelleted membranes
from disrupted (D) or disrupted and boiled (D/B) exosomes (Fig-
ures 5A and 5B) were injected in mice along with L. major STATs.
Disruption and disruption with boiling caused a partial and total
abrogation, respectively, of the enhancing effect of exosomes
on lesion size (Figure 5C), as well as a significant decrease in
parasite loads compared to mice co-injected with intact exo-
somes (Figure 5D). This indicates that exosome integrity is
important for optimal delivery of parasite inflammatory factors.
Interestingly, mice co-injected with D and D/B exosomes devel-
oped more ulcerative lesions at the end of 7 weeks compared to
mice co-injected with intact exosomes (Figure 5E). This effect
may be due to exosome membranes that showed detectable
levels of gp63 and potentially other molecules that could trigger
inflammation directly (Figure 5B). As expected, mice injected
with exosomes alone did not develop lesions (Figure 5C).
Leishmania Exosomes Exacerbate Lesion Development
through the Induction of Inflammatory Cytokines
To investigate whether the exacerbation effect of exosomes on
lesion size and parasite replication was dose dependent, we
repeated the mice co-injection experiment using STATs and
lower doses of in-vitro-purified exosomes. Interestingly, we did
not observe a strongly pronounced dose-response effect when
we compared the concentrations of 1 and 5 with 10 mg, possibly
due to the effectiveness of these vesicles even at lower concen-
trations (Figure S7B). A stronger dose-dependent effect was
achieved when we used the concentration of 0.1 mg (Figures
6A and 6B). Since co-injection of 1 mg exosomes with parasitesll Reports 13, 957–967, November 3, 2015 ª2015 The Authors 961
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Figure 4. Injection of Leishmania along-
side In-Vivo- or In-Vitro-Isolated Exo-
somes Significantly Enhances Mice Footpad
Lesions
(A and B) BALB/c mice were infected with 105
L. major metacyclics (META) or with 5 3 106
L. major stationary promastigotes (STATs) with or
without 1 mg midgut-isolated L. major exosomes
(Gut) or (A) 1 and (B) 10 mg in-vitro-isolated L. major
exosomes (Exo). Lesions were monitored up to
10 weeks post-infection.
(C–E) STAT and META groups from (B) on the sixth
and tenth weeks post-infection, respectively. (C)
Footpad images, (D) lesion volumes, and (E)
footpad parasite loads are shown. Each data point
represents the average ± SEM of six to eight mice
per group and statistical significance at +p% 0.05,
*p % 0.01, **p % 0.001, and ***p % 0.0001 (ns,
non-significant). FP, footpad. The results are
representative of one (A) or two (B–E) independent
experiments.is likely to be more physiological (this is twice the approximate
amount of exosomes secreted by 5 3 106 parasites in vitro
when incubated for 4 hr at 37C) and generated enhanced but
non-necrotic lesions up to 7 weeks post-infection (Figures 6C,
S7B, and S7C), we decided to analyze immunological events in
this group compared to parasites alone.
We recovered the lymph nodes draining lesion sites at week 5
post-infection and evaluated their cytokinemRNA levels. The tar-
geted cytokines were IFN-g and IL-4, associated with Th1 and
Th2 immune responses against Leishmania infection, respec-
tively (Heinzel et al., 1991; Sacks and Noben-Trauth, 2002); IL-
10, previously described to be produced bymice splenocytes af-
ter Leishmania exosome vaccination (Silverman et al., 2010b);
and IL-17a, a hallmark of Th17 inflammation related to neutrophil
infiltration in human and murine lesions (Boaventura et al., 2010;
LopezKostka et al., 2009). In addition,wemeasuredmRNA levels
of IL-23, which is shown to be produced by Leishmania-infected
dendritic cells (Lopez Kostka et al., 2009) and involved in the in-
duction of IL-10and IL-17byhumannaiveTcells (VandenEijnden
et al., 2005). Levels of IL-2 also were examined. All six cytokines
were significantly enhanced in the group co-injected with exo-
somes in relation to the STAT group (Figure 6D). Remarkably,
IL-17a displayed the highest expression among the tested cyto-
kines, suggesting it is highly induced by exosomes. In summary,
the lymph node cytokine profile of mice co-injected with L. major962 Cell Reports 13, 957–967, November 3, 2015 ª2015 The Authorsand exosomes was characterized by
enhanced inflammation, possibly medi-
ated by Th17 cells.
DISCUSSION
Leishmania has evolved effective strate-
gies to persistently infect the mammalian
host (Olivier et al., 2012). In the past few
years, our group and others have pro-
posed exosome secretion as one of thestrategies used by the parasite to orchestrate beneficial changes
in the host environment, ensuring a successful infection. Leish-
mania exosomes were shown to deliver virulence factors to
host macrophages and to modulate the immune system,
creating an environment permissive for early infection (Hassani
et al., 2011; Silverman et al., 2010a; Silverman and Reiner,
2011b). It is interesting to note that Leishmania species are early
divergent eukaryotes that have retained the exosome secretory
pathway through evolution, similar to their mammalian counter-
parts. In-vitro-isolated Leishmania exosomes are fairly similar
in structure and content to exosomes derived from higher eu-
karyotes (Silverman et al., 2010a), which might be advantageous
in their interaction with the host.
In this study, we demonstrated the secretion of exosomes by
L. infantum and L. major in vivo within the sand fly midgut. These
exosomes were found to be authentic with respect to previously
characterized in-vitro-isolated Leishmania exosomes, and they
appeared to mirror the physiological state of the parasites from
which they were derived. Although there are some differences,
exosomes derived from both species shared a number of pro-
inflammatory molecules, which might be responsible for their ef-
fect on lesion development. Promastigotes from both species
residing in the sand fly midgut, including the anterior midgut, ap-
peared to secrete exosomes via three different routes. First, from
MVBs, which suggested that the mechanism of Leishmania
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Figure 5. Exosome Integrity Is Important for
the Enhancing Effect on Lesion Development
BALB/c mice were infected with 5 3 106 L. major
STATs with or without 10 mg in-vitro-isolated
L. major exosomes, sonication-disrupted exo-
somes (D), disrupted and boiled exosomes (D/B), or
with exosomes alone (Exo). Exosome preparations
were prepared for TEM or submitted to SDS-PAGE
before (total) and after ultracentrifugation (pellet).
Their protein content was compared to whole
parasite lysates (Pro).
(A) Intact and disrupted exosome structures are
shown.
(B) (Top) Total protein silver staining. (Bottom)
HSP83 and GP63 western blots are shown.
(C) Lesions were monitored up to 7 weeks post-
infection.
(D) Footpad parasite loads at week 7 are shown.
(E) Footpad images at week 7 are shown. Each data
point represents the average ± SEM of six to eight
mice per group and statistical significance at +p%
0.05 and *p % 0.01. FP, footpad. The results are
representative of two independent experiments.exosome biogenesis is reasonably similar to the one of mamma-
lian cells. Second, from flagellar pockets, which are organelles
involved in protein endocytosis and exocytosis of kinetoplastids
(Field and Carrington, 2009). Third, we frequently observed ves-
icles emerging from discontinued membrane surfaces, despite
the microtubular network surrounding the cell body of Leish-
mania. Interestingly, we observed MVBs fusing directly with the
flagellar pocket membrane, which might be another way of exo-
some release into the outer milieu. Although vesicles secreted by
different routes showed a similar structure, observed by TEM, it
remains a question as to whether their contents diverge.
Previous works revealed that metacyclic promastigotes are
regurgitated from the sand fly anterior midgut into the injection
site during blood feeding (Schlein et al., 1992; Volf et al., 2004;
Warburg, 2008). In addition, it has been shown that sand fly sali-
vary proteins and the promastigote secretory gel are co-depos-
ited into the bite site, exacerbating Leishmania infection (Gomes
and Oliveira, 2012; Rogers et al., 2004, 2009). We hypothesized
that Leishmania exosomes also may be egested alongside
parasites. Using a system where infected sand flies were fed
through a chicken membrane, we were able to collect and study
the egested material for the presence of exosomes. Our resultsCell Reports 13, 957–967,clearly demonstrated that these vesicles
are part of the sand fly inocula, hence be-
ing delivered alongside the parasite during
the sand fly bite. In addition, our results
placed exosomes in a natural context
and showed their ability to reach the host
and influence the early events in the estab-
lishment of the infection.
The addition of intact exosomes to
L. major infections exacerbated the le-
sions significantly as well as facilitated
parasite replication. Recently, using an
in vivo air-pouch model, we reported thatexosomes are able to induce an inflammatory recruitment of
neutrophils and macrophages to the injection site (Hassani
et al., 2014). The exacerbated pathology in footpad infections
containing exosomes supports our results and suggests that
exosomes may induce inflammatory events that favor parasite
replication.
To begin to understand the immunological events triggered
by exosomes when co-injected with Leishmania, we collected
draining lymph nodes at week 5 post-infection and measured
their cytokine mRNA levels. Mice co-injected with L. major
exosomes expressed significantly increased levels of IL-4 and
IFN-g, corroborating the exacerbation of lesion size as well as
increased parasite replication. In a previous work, BALB/c
mice vaccinated with L. major exosomes prior to challenge
with L. major showed higher frequencies of IL-4-producing
CD4+ T cells in both spleen and draining lymph nodes and dis-
ease exacerbation (Silverman et al., 2010b). In our experiments,
we observed an overinduction of IL-17a over IL-4, which can be
explained by the fact that we co-injected exosomes with para-
sites instead of using them for vaccination. IL-17a has been
involved in Leishmania infection and is a hallmark of Th17 inflam-
mation related to neutrophil infiltration in human and murineNovember 3, 2015 ª2015 The Authors 963
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Figure 6. Leishmania Exosomes Exacerbate
Disease Outcome by Enhancing Cytokine
Expression
(A) BALB/cmicewere infectedwith 53 106 L.major
STATs with or without in-vitro-isolated L. major
exosomes (0.1, 1, or 10 mg) and lesions were
monitored.
(B) Footpad parasite loads at week 6 are shown.
(C) Images show footpads co-injected or not with
1 mg exosomes 5 weeks post-infection.
(D) Cytokine mRNA levels in draining lymph nodes
5 weeks post-infection. Symbols on top of each bar
represent p values compared to the STAT group.
Each data point represents the average ± SEM of
four to eight mice per group and statistical signifi-
cance at +p % 0.05, *p % 0.01, **p % 0.001, and
***p % 0.0001. FP, footpads; NI, non-infected;
L.m., L. major. The results are representative of two
independent experiments. See also Figure S7.lesions (Boaventura et al., 2010; Lopez Kostka et al., 2009).
These results are in accordance with previous data showing
that IL-17a is produced by susceptible mice infected with
L. major, despite Th2 polarization (Lopez Kostka et al., 2009).
Regarding IL-10, it has been shown that this cytokine is highly
produced by splenocytes from C57BL/6 mice vaccinated with
in-vitro-isolated L. donovani exosomes prior to challenge with
L. donovani (Silverman et al., 2010b). In our experiments, we
also observed overinduction of IL-10whenwe added exosomes.
Of note, it is well established that both IL-4 and IL-10 are asso-
ciated with susceptibility to Leishmania infections (Sacks and
Anderson, 2004).
Our study established the in vivo secretion of Leishmania
exosomes and placed them in the parasite’s natural life cycle,
revealing new features of Leishmania pathogenesis never
addressed before. We demonstrated that midgut-secreted
exosomes are part of the sand fly inocula and can regulate the
immune system and exacerbate disease outcome when co-
inoculated alongside parasites, adding to the repertoire of viru-
lence factors involved in vector-transmitted infections and
bringing us a step closer to fully elucidating the observed po-
tency of these infections.
EXPERIMENTAL PROCEDURES
Ethics Statement
Animal experiments were performed in accordance with the Canadian Council
on Animal Care (CCAC) Guidelines, approved by the Institutional Animal Care
and Use Committees at the McGill University under ethics protocol 4859.
Parasites
A recent isolate of L. infantum (MCAN/BR/09/52) obtained from a dog with
advanced canine leishmaniasis from Natal, Brazil, and the wild-type L. major964 Cell Reports 13, 957–967, November 3, 2015 ª2015 The Authorsstrain NIH S (MHOM/SN/74/Seidman) clone A2
(Joshi et al., 2002) were used for sand fly infections.
Procyclic promastigotes were cultured at 26C in
Schneider’s Drosophilamedium (Gibco-BRL), sup-
plemented with 20% heat-inactivated fetal bovine
serum (FBS), 2 mM L-glutamine, 100 U/ml peni-
cillin, and 100 ml/ml streptomycin (complete
Schneider’s), for two passages before the infec-tions. For mice infections and in vitro exosome purifications, the wild-type
L. major strain NIH S (MHOM/SN/74/Seidman) clone A2 (Joshi et al., 2002)
was used. Promastigotes were cultured in complete Schneider’s medium at
26C and stationary phase cultures containing infective forms were used to
infect female BALB/c mice 6–8 weeks old. For the purification of metacyclic
promastigotes, L. major STATswere incubated for 15min at room temperature
with 50 mg/ml peanut agglutinin (Sigma Aldrich). The sample was then centri-
fuged at low speed to precipitate procyclic promastigote clumps and the su-
pernatant containing metacyclic promastigotes was recovered.
Mice Infections
All experiments with mice were carried out in pathogen-free housing and in
accordance with the regulations of the CCAC, approved by the McGill Univer-
sity Animal Care Committee. Female BALB/c mice (6–8 weeks old) were in-
fected in the right hind footpad with 53 106 stationary phase L. major promas-
tigotes or with 105 purified metacyclic promastigotes with or without 1, 5, or
10 mg of in-vitro-purified exosomes, depending on the experiment. Disease
progression was monitored by measuring footpad swelling weekly with a
metric caliper, up to 10 weeks post-infection. At the end of each experiment,
footpads were imaged for the determination of lesion areas (Photoshop CS6)
and volumes (multiplying lesion area by lesion thickness), and they were pro-
cessed for the determination of parasite burden.
Sand Fly Infections and Preparation of Midgut Samples
Colony-bred 2- to 4-day-old L. longipalpis females were infected by artificial
feeding on defibrinated rabbit blood (Spring Valley Labs), containing 5 3 106
procyclic promastigotes per milliliter of blood, for 3 hr in the dark as described
elsewhere (Kamhawi et al., 2000). Fully blood-fed flies were separated and
maintained at 26C with 75% humidity and were provided 30% sucrose. After
10–12 days, sand flies with mature infections containing active metacyclic
promastigotes were anesthetized with CO2, washed in 5% soap solution,
and rinsed in PBS prior to dissections. Uninfected sand flies were used as con-
trols. Midguts were dissected and fixed overnight with 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer for TEM, or they were opened longitudinally in
a drop of PBS to recover their luminal content for vesicle isolation (midgut
lavages).
TEM
Vesicles purified from midgut lavages or from L. major axenic cultures were
coated directly on formvar carbon grids, fixed with 1% glutaraldehyde in
0.1 M sodium cacodylate buffer for 1 min, and stained with 1% uranyl acetate
for 1 min. For ultrastructure analysis, dissected midguts from infected or unin-
fected sand flies were fixed with 2.5% glutaraldehyde in 0.1 M sodium caco-
dylate buffer overnight. After washes in the same buffer, samples were post-
fixed with osmium tetroxide and dehydrated in a graded acetone series prior
to the embedding in epoxy resin. Ultrathin sections (70–80 nm) were cut
from resin blocks using a Reichert-Jung Ultracut E Ultramicrotome. Formvar
grids covered with isolated vesicles or with ultrathin sections were visualized
in the FEI Tecnai 12 120 kV transmission electron microscope. Images were
taken with the AMT XR-80C CCD Camera System (Facility for Electron Micro-
scopy Research, McGill University).
Isolation of Vesicles from Sand Fly Midgut Lavages
Midgut lavages were initially centrifuged at 3,000 rpm for separation of para-
sites and cell debris, followed by a centrifugation at 13,000 rpm for separation
of bacteria. Due to the small volume of the sand fly midgut lavages, vesicles
were purified with the ExoQuick exosome precipitation reagent (System Bio-
sciences), following the manufacturer’s protocol. ExoQuick is a one-step,
polymer-based method for the precipitation of vesicles of 60–180 nm in diam-
eter from fluids. After ExoQuick purifications, an average of 10 mg vesicles was
obtained from infected lavages per experiment, which was measured with the
MicroBCA protein assay kit (Thermo Scientific). Uninfected lavages yielded
lower concentrations as expected.
LC-MS/MS
Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was per-
formed at the Institute de Recherches Cliniques deMontre´al (IRCM, University
of Montreal). Proteins were precipitated with 15% trichloroacetic acid (TCA)/
acetone and digested with trypsin at a final concentration of 2 ng/ml. After an
18-hr incubation at 37C, the reactions were quenched by the addition of for-
mic acid to a final concentration of 1%prior to the LC-MS/MS analysis. The LC
column was a PicoFrit fused silica capillary column (New Objective) self-
packed with C-18 reverse-phase material (Phenomenex). This column was
installed on the Easy-nLC II system (Proxeon Biosystems) and coupled to
the Q Exactive mass spectrometer (Thermo Fisher Scientific) equipped with
a Proxeon nanoelectrospray Flex ion source. The buffers used for chromatog-
raphy were 0.2% formic acid (buffer A) and 100% acetonitrile/0.2% formic
acid (buffer B). Peptides were loaded on column at a flow rate of 600 nl/min
and eluted with a two-slope gradient at a flow rate of 250 nl/min. Solvent B
first increased from 2% to 40% in 85 min and then from 40% to 80% in
25 min. LC-MS/MS data were acquired using a data-dependent top 15
method and standard values were used for all the parameters of the mass
spectrometer.
Protein Database Search
Individual sample MS/MS spectra were peak listed using the Distiller version
2.1.0.0 software (www.matrixscience.com/distiller.html), with peak picking
parameters set at one for signal noise ratio and at 0.3 for correlation threshold.
The peak-listed data were then searched against the NCBI database with the
Mascot software version 2.3.02 (Matrix Science). Mascot was set up to search
the L. infantum database (txid5671, 16,895 proteins) or the L. longipalpis data-
base (txid7200, 1,138 proteins) with a fragment ion mass tolerance of 0.50 Da
and a parent ion tolerance of 1.5 Da. Carbamidomethyl was specified in both
search engines as a fixed modification. Oxidation of methionine residues was
specified in Mascot as a variable modification. Scaffold software version
4.0.6.1 (Proteome Software) was used to validate MS/MS peptide and protein
identifications. Identification of peptides was accepted if it could be estab-
lished at greater than 95.0% probability. Identification of proteins was
accepted if it could be established at greater than 95.0% probability and con-
tained at least two identified peptides. Proteins that contained similar peptides
and could not be differentiated based on MS/MS analysis alone were grouped
to satisfy the principles of parsimony. The final number of peptides per protein
was represented by the average of the biological replicas after normalization to
the total number of peptides.CeBioinformatic Analyses
GO annotations were attributed using Blast2GO (Go¨tz et al., 2008). The initial
Blastp step was performed against NCBI nonredundant database and high
scoring top blast hits were retrieved and used for annotation with Blast2GO
default parameters. Signal peptide predictions were performed using SignalP
4.1 (Petersen et al., 2011). Prediction of unconventionally secreted proteins
was performed using SecretomeP 2.0 server (Bendtsen et al., 2004).
L. infantum-interacting exosome proteins were mapped based on the pre-
dicted interactome of L. infantum (Rezende et al., 2012). Interaction network
layout was created using Cytoscape 2.8.3 (Smoot et al., 2011).
Egestion Experiments
To obtain the egests of L. infantum- and L. major-infected sand flies, groups of
10- to 12-day-infected flies were fed through a chicken skin system, as re-
ported elsewhere (Rogers et al., 2004), on RPMI or rabbit plasma (Spring Valley
Labs) used after a high-speed spin at 100,0003 g for 1 hr to remove vesicles.
Egests were initially centrifuged at 3,000 rpm for separation of parasites and
cell debris, followed by a centrifugation at 13,000 rpm for separation of bacte-
ria. Vesicles were purified with the ExoQuick exosome precipitation reagent
(System Biosciences), following the manufacturer’s protocol. After ExoQuick
purifications, the concentration was measured with the MicroBCA protein
assay kit (Thermo Scientific).
Purification of Exosomes from Leishmania In Vitro
Purification of Leishmania exosomes was performed according to standard
methods for mammalian cells (The´ry et al., 2006). L. major stationary-phase
parasites were washed twice with PBS, resuspended in RPMI 1640 medium
(Life Technologies) without FBS and phenol red at a concentration of 108 pro-
mastigotes/ml, and incubated for 4 hr at 37C for the release of exosomes in
the culture medium. It has been described that a temperature shift significantly
increases the release of exosomes by Leishmania in vitro (Hassani et al., 2011;
Silverman et al., 2010a). We used this method to improve our yields. Parasite
viability was measured by propidium iodide staining before and after the incu-
bation at 37C. At the end of a 4-hr incubation, the sample was centrifuged at
3,000 rpm to clear out parasites, at 10,000 rpm to clear out debris, and filtered
through 0.45-mm followed by 0.20-mm syringe filters. Next, exosomes were
pelleted by a 1-hr centrifugation at 100,0003 g and resuspended in exosome
buffer (137 mM NaCl and 20 mM HEPES [pH 7.5]). For further purification,
exosomes were layered in a linear sucrose gradient (0–2 M sucrose) and
centrifuged at 65,000 rpm for 1.5 hr. Ten fractions of 1 ml were collected
and exosomes or their protein contents were detected by TEM or western
blot in fractions 4, 5, and 6, corresponding to the concentrations of 0.8–
1.2 M sucrose and densities of 1.10–1.15 g/ml. Exosome-containing fractions
were combined, pelleted, resuspended in endotoxin-free PBS, and dosed for
inoculation of mice. For disruption, exosome preparations were sonicated (six
cycles of 25 s at 25-s intervals on ice) or sonicated and boiled for 5 min.
Determination of Footpad Parasite Loads by the Limiting Dilution
Assay
Footpads were surface sterilized with a chlorine dioxide-based disinfectant
followed by ethanol 70% for 5 min. After several washes in PBS, footpads
were sliced, transferred to a glass tissue homogenizer containing 6 ml PBS,
and manually homogenized until complete tissue disruption was achieved.
The final homogenate was then centrifuged at 3,000 3 g for 5 min, resus-
pended in 10 ml PBS, and titrated by the Bradford protein assay. Homogenate
volumes were adjusted (and further diluted when necessary) and 100 ml was
added in duplicates to 96-well plates containing 100 ml complete Schneider’s
medium in eachwell (24 2-fold dilutions for each duplicate). Plates were kept at
28C until examined after 7–10 days, when the highest dilutions at which pro-
mastigotes were observed were recorded. Parasite loads were expressed as
number of parasites per footpad.
Western Blots
Midgut materials, parasites, or exosome preparations were dosed with the
Micro BCA protein assay kit (Thermo Scientific) or with the Bradford protein
assay kit (Bio-Rad) and resuspended directly in SDS sample buffer containing
bromophenol blue and beta-mercapto-ethanol. Proteins were subjected toll Reports 13, 957–967, November 3, 2015 ª2015 The Authors 965
SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes
(PerkinElmer). After a 1-hr blocking in TBS-0.05% Tween 20 (TBST) containing
5% fat-free milk, membranes were incubated with the following specific anti-
bodies against: HSP83 (Greg Matlashewski, McGill University), GP63 (Robert
W. McMaster, University of British Columbia), and HGPRT (Armando Jardim,
McGill University), mouse b-actin (Sigma Aldrich, St. Louis, MO) and
HSP70 (Jose M. Requena, CSIC-UAM, Spain). Proteins were detected with
specific IgG horseradish peroxidase-conjugated antibodies (GE Healthcare)
and subsequently visualized by the ECL Western Blot Detection System (GE
Healthcare).
qRT-PCR
Total RNA from mice footpads or lymph nodes was extracted with TRIzol re-
agent (Life Technologies), treated with RQ1 DNase (Promega) for clearance
of DNA contaminants, and purified using the RNeasy Mini Kit (QIAGEN).
Then 2–5 mg DNA-free RNA was reverse transcribed using Superscript III
Reverse Transcriptase and random hexamers (Invitrogen). Standardized
amounts of cDNA and custom-designed primers weremixedwith SYBRGreen
Supermix (Bio-Rad), and the PCRs were performed in a CFX96 Touch Real-
Time PCR detection system (Bio-Rad) according to manufacturer’s protocol.
Results were analyzed by the DDCt method.SUPPLEMENTAL INFORMATION
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